Abstract-We demonstrate a 70 Gbit/s photonic wireless link on a single carrier at 60 GHz using a single polarization. To our knowledge, this is the highest data rate on a single polarization 60 GHz carrier.
I. INTRODUCTION
High capacity point-to-point wireless links are an essential part of future 5G networks [1] . The high capacity links for 5G networks are needed for the so-called mobile backhauling.
Here, speeds beyond 100 Gbit/s will be needed [1] . The 60 GHz band thereby is of particular interest. Recently, it has drawn special interest for mm-wave communications with its emerging WiGig standard [2] .
Traditional wireless frequency bands are around 2.4 GHz and 5 GHz. However, they only offer limited signal bandwidths. Moving to higher carrier frequencies can drastically increase the available signal bandwidth to several GHz [3] and thereby making user data rates beyond 20 Gbit/s a reality in everyday applications. Fig. 1 depicts an envisioned scenario for densely populated areas, where an increasing number of small cells is needed to cope with the growing number of users and capacity requirements [3] .
For such high speed wireless links, optical techniques are of special interest, as they can generate signals at highest carrier frequencies and signal bandwidths [4] . Photonic signal generation drastically reduces the number of components at the wireless transmitter, as it directly translates the optical signal into an RF signal. Recent demonstrations of photonic wireless links have shown impressive data rates in several frequency bands from 31 GHz up to 245 GHz carrier frequency. At 31 GHz, a 44.3 Gbit/s transmission experiment revealed that very high transmission speeds can be achieved at smaller carrier frequencies when employing pre-equalization to improve the signal quality [5] . At 60 GHz, data rates have been limited to 25 Gbit/s/polarization [6] . In the W-band (75-110 GHz) data rates achieved are 50 Gbit/s/polarization over a 1.2 m wireless link [7] , 40 Gbit/s/polarization for a distance of 300 m [8] and even 10 Gbit/s/polarization for 1.7 km transmission [9] . At 245 GHz, data rates beyond 100 Gbit/s have been demonstrated [4] . However, from these impressive state of the art demonstrations it becomes clear, that even though >100 Gbit/s/polarization have been shown at highest carrier frequencies, data rates at carrier frequencies below 100 GHz have been limited to 50 Gbit/s/polarization.
In this paper, we demonstrate a record high data rate of 70 Gbit/s on a single carrier and single polarization at 60 GHz. This is made possible by a one-shot pre-equalization method which enables a live characterization of the end-to-end system and ultimately allows the effective use of 14 GBd signals with up to 32QAM. 
II. PRE-EQUALIZATION TECHNIQUE
Any component in the signal chain may impair the overall performance of a system. In our case, especially the RF components such as the amplifiers and the antennas heavily degrade the frequency response of the channel. The linear distortion due to the channel can be seen in Fig. 2(a) with the received spectrum of a 14 GBd 16QAM signal (roll-off = 0.15). The spectrum should ideally be flat but shows power variations of up to 7 dB. Without pre-equalization, the post equalizer in the receiver cannot recover the data, i.e. the decision directed equalizer does not converge [5] . In such conditions, the demodulation fails and data cannot be retrieved, see Fig. 2 (a) inset.
In order to make the entire bandwidth usable, the signal has to be pre-equalized in the transmitter during signal generation. Pre-equalization can however only be performed with accurate channel response information. While it has been demonstrated that offline s-parameter measurement of each RF component individually provides precise channel response [5] , such an implementation is time consuming. Online channel measurement is indeed of great interest as neither any changes on the setup nor individual component characterization is required.
For the demonstration in this paper, we use an online, oneshot, pre-equalization method, which works according to the steps depicted in Fig. 3 . (1) A frequency comb is generated by the AWG and encoded with a random phase pattern to limit the peak-to-average power ratio (PAPR). The spectral width and frequency spacing of the comb can be varied according to the setup specifications. (2) The comb is sent through the system, where it is upconverted and sent through the wireless link without changes on the setup configuration. (3) The output signal is acquired in the receiver with an oscilloscope and downconverted to the baseband. (4) The peaks of the various comb components are detected in the signal spectrum and used to compute the amplitude response by interpolation. (5) To extract the phase response, the linear phase ramp (corresponding to the delay of the system) and the random phase pattern added in the transmitter are removed. (6) The output of the algorithm is a complex channel response (amplitude and phase response) that can be used for the preequalization at the transmitter.
The channel response of our 60 GHz link before equalization obtained using our one-shot measurement algorithm is shown in Fig. 2(b) . The channel was measured over a bandwidth of 20 GHz. As it can be seen from the complex channel response, the channel limits the performance of the system for various reasons. First, the magnitude response shows strong variations (in some cases more than ±5 dB over 2 GHz). Second, the available bandwidth is limited to around 16 GHz due to the cut-off of the RF components. Third, the phase response shows a very strong dispersion (3000° difference through the full bandwidth).
The result of wireless transmission after applying this equalization technique is depicted in Fig. 2(c) . The spectrum of the 16QAM signal at a symbol rate of 14 GBd (56 Gbit/s) The pre-equalization used in this experiment allows a "single-shot" measurement of the complex response of the system under test. The process consists of the following steps: (1) A frequency comb is generated digitally and sent to an AWG, a random phase is then added to every frequency component to avoid large PAPR. (2) The comb goes through the system, following the very same path that the data will encounter. (3) The comb is acquired by an oscilloscope at the receiver, down-converted, and an FFT is performed. (4) The amplitude peaks of the spectrum are found with a specialized algorithm to recover the frequency components of the comb. (5) The random phase is removed from the results. (6) The complex response of the system is provided. It enables IQ pre-equalization of a system under test.
shows less distortions compared to Fig. 2(a) , the spectrum without pre-equalization. The filter taps of the post-equalizer in the receiver can now converge and the data be recovered, see Fig. 2 (c) inset with the constellation diagram.
III. EXPERIMENTAL SETUP Our experimental setup can be split into four parts: central office, central remote antenna unit (RAU), wireless link, and receiving RAU.
In the central office, Fig. 4(a) , the baseband data is generated with a 65 GS/s arbitrary waveform generator (AWG) and fed to broadband amplifiers for the in-phase and quadrature components. The amplified signals are used to drive an optical IQ modulator which encodes the data onto a low-linewidth laser at 1550 nm ( ), see inset Fig. 4(a) . The signal laser is depicted in blue. Two erbium doped fiber amplifiers with subsequent optical filters (0.6 nm) are used to boost the data signal. We then combine the data signal with a 60 GHz detuned reference laser ( ) denoted in red. A polarization controller is used to ensure that the data signal is on the same polarization as the reference laser. Afterwards, the signals are send through 25 km of standard single mode fiber (SMF) to the RAU. The launch power to the fiber is controlled with an optical attenuator (OA).
At the central RAU, Fig. 4(b) , the data and the reference laser are fed to a 70 GHz photodiode while the optical input power is controlled with a variable optical attenuator (VOA). The measured spectra can be seen in the inset of Fig. 4(b) . By performing optical heterodyning in the photodiode, the data signal will be copied to the desired 60 GHz RF carrier. Unwanted signal copies at twice the optical frequency and the baseband are cut-off by the photodiode and the subsequent Vband low noise amplifier (23 dB gain at 60 GHz).
The wireless link, Fig. 4 (c) consists of two high gain (38 dBi) antennas by Huber&Suhner which are set apart by 5 meters. The link distance is only limited by the dimensions of our laboratory and not by the power budget, and will be increased in future work.
In the receiving RAU, Fig. 4(d) , the signal is amplified directly after the antenna (20 dB gain at 60 GHz) and electrically down-converted to an intermediate frequency of using an RF mixer. The signal is further recorded by a digital sampling oscilloscope (DSO) and processed offline using Keysight VSA software and Matlab.
IV. RESULTS
The results presented in this section were obtained with root-raised-cosine shaped signals and a 0.15 roll-off while the data pattern was generated using a DeBruijn-11 sequence.
In a first step, we analyzed our system performance for various symbol rates and modulation formats. Fig. 5 shows the error vector magnitude (EVM) for BPSK, QPSK, 16QAM, 32QAM, and for a 16QAM reference measurement without the wireless link (back-to-back, violet). The EVM is normalized to the power of the outermost ideal constellation point. As expected, the signal quality slowly decreases for all modulation formats when increasing the symbol rate. BPSK and QPSK formats were able to perform well up to 15 GBd, 16QAM and 32QAM up to 14 GBd. This is due to the fact that the usable bandwidth is limited by the RF components to approximately 16 GHz.
Next, we investigated the influence on the signal quality of the optical power fed to the photodiode. Fig. 6 shows the result for 10 GBd, 12 GBd, and 14 GBd 16QAM signals. A 14 GBd 16QAM measurement without the antennas is included for reference (back-to-back, blue). As the optical power increases, the signal will initially obtain a better EVM. Crossing a certain power threshold (between -3.5 dBm and -2 dBm) causes the RF amplifiers at the receiver to go towards saturation and distort the signal. As discussed in Sec. III, this indicates that our system has sufficient power margin to cover larger wireless distances once the laboratory room size limitation is removed. Near the optimal input power, the EVM increases for higher symbol rates which coincides with our findings from above. It should be noted that the measured bit error rate (BER) close to the optimum is below for all signals ( bits were evaluated preventing statistically relevant claims below ). Finally, we evaluated the BER of 14 GBd signals for BPSK, QPSK, 16QAM and 32QAM. The received constellation and corresponding BER values can be observed in Fig. 7 . For each measurement, at least 10 million bits were analyzed, i.e. BER of can be stated. Both BPSK and QPSK did not reveal any errors within this recorded sequence (BER< ) while 16QAM and 32QAM showed a BER of and , respectively. The constellations also show some non-linear distortions which we suspect coming from the RF amplifiers and RF mixer. 14 GBd with 32QAM results in a record breaking 70 Gbit/s capacity for a single carrier, single polarization setup at 60 GHz.
V. CONCLUSION
We have successfully shown a 70 Gbit/s photonic wireless link at 60 GHz on a single carrier and single polarization through 25 km of standard single mode fiber and 5 m wireless transmission distance. Usage of 14 GBd signals is made possible by a pre-equalization technique which can characterize any system under test in a "single shot" fashion. This work demonstrates that the 60 GHz band may be a good alternative to more expensive E-band or sub-THz links for >100 Gbit/s mobile backhauling. 
